The craniofacial skeleton is formed from the neural crest and mesodermal lineages, 19 both of which contribute mesenchymal precursors during formation of the skull bones. The 20 large majority of cranial sutures also include a proportion of neural crest derived 21 mesenchyme. While some studies have addressed the relative healing abilities of neural crest 22 and mesodermal bone, relatively little attention has been paid to differences in intrinsic 23 osteogenic potential. Here we use mouse models to compare neural crest osteoblasts (from 24 frontal bones or dura mater) to mesodermal osteoblasts (from parietal bones). Using in vitro 25 culture approaches we find that neural crest-derived osteoblasts readily generate bony 26 nodules while mesodermal osteoblasts do so less efficiently. Furthermore, we find that co-27 culture of neural crest-derived osteoblasts with mesodermal osteoblasts is sufficient to 28 nucleate ossification centres. All together, this suggests that the intrinsic osteogenic abilities 29 of neural crest-derived mesenchyme may be a primary driver behind craniosynostosis. 30 31
proliferation and premature differentiation of the sutural mesenchyme are likely the most 48 important cellular mechanisms leading to craniosynostosis 12 . These biological events are tightly regulated by intricate signalling pathways, originating from adjacent tissues with (Supplemental Figure 1) . Because non-neural crest tissues (ectoderm, mesoderm and 115 endoderm) could not be distinguished using the Wnt1-cre genetic model, we also confirmed 116 the mesodermal origin of the parietal bones using the mesoderm-specific Mesp1-Cre driver 117 (Supplemental Figure 2 ).
119
Neural crest-derived dura mater cells are more osteogenic in culture then frontal or parietal 120 osteoprogenitors 121 To investigate the osteogenic potential of the isolated cell populations we cultured 122 them at the same plating densities in osteogenic media. 14 days after plating, we observed the 123 formation of mineralized nodules with intense alkaline phosphatase (ALP) activity in the dura 124 mater cells ( Fig. 2a and Supplemental Figure 3 ). Cells derived from frontal and parietal 125 bones, on the other hand, do not make any nodules or aggregates at this stage (Fig. 2b, c) . 126 This is accompanied by significantly lower ALP activity, as assessed by the density of the 127 staining (Fig. 2g ). The fluorescence of the cells in culture revealed that while dura mater cells parietal cells appeared mostly green ( Fig. 3d ), suggesting a requirement of neural crest-146 derived progenitors for formation of the parietal bone condensations. This raises the 147 hypothesis that parietal cells are generally incapable, or inefficient at making bony nodules in 148 vitro. As these cells can ossify efficiently in vivo, it is likely that they are receiving pro-149 osteogenic signals from the adjacent neural crest.
151
Co-culture with neural crest-derived cells favours in vitro osteogenesis of parietal 152 osteoblasts 153 We next set out to test whether co-culturing of neural crest-derived cells and parietal 154 progenitors at equivalent plating densities would produce bony nodules with mixed 155 contributions. We observed that, after 14 days of culture, dura mater/parietal co-culture yields 156 intense ALP activity and a large number of nodules ( Fig. 4a ). These nodules were mostly of 157 mixed neural crest/mesoderm origin with no particular bias, although fluorescent labelling 158 revealed that they appear to be nucleated by the green neural crest cells ( Fig. 4c ). Moreover, 159 the culture of frontal bone cells with parietals resulted in vast mineralization and abundance 160 of bony nodules after 21 days (Fig. 4b ). Accordingly, these nodules were not skewed towards 161 neural crest nor mesodermal cells (Supplemental Figure 4) , although the base of the nodules 162 was mostly formed by green cells (Fig. 4d ). This was in contrast to the absence of 163 mesodermally-derived nodules in culture of isolated parietal cells (Compare Fig. 4d and 3d ).
164
All together, our study indicates that, although mesodermally-derived parietal 165 osteoprogenitors seem to lack the ability to efficiently make nodules in culture, they are able 166 to contribute to the formation of these structures when co-cultured with cells of neural crest 167 origin, which seem to nucleate the bony nodules. This raises the need to further investigate 168 potential signals between calvarial cells of distinct embryonic origins, to improve our 169 understanding of the molecular signalling at the neural crest-mesoderm boundary in the skull. show higher osteogenic activity in vitro. PN10 osteoblasts were harvested from 3 distinct osteogenic conditions. At day 21 we find that dura cells are denser and possess significantly 177 higher alkaline phosphatase activity when compared to cells from the interfrontal suture (IFS) 178 and frontal bone osteoblasts (FOBs) ( Figure 5J ). These cells also produce more mineralized 179 nodules than the latter (Supplemental Figure 4b ) and in larger size ( Figure 5G Figure 4G ). However, the higher area of alkaline phosphatase staining indicates that frontal 
